does not provide information directly on the near surface distribution of magnetization. Instead, it is a measure of the local stray field components of micromagnetic structures resulting from distributions of magnetic poles where the magnetization diverges or has a component normal to the surface. This means that quantitative interpretation of MFM data in terms of the magnetization distribution of micromagnetic features is difficult due to the inherent nonuniqueness of the magnetic inverse problem, the requirement for an accurate model of the geometric and magnetic properties of the MFM tip, and the invasive nature of scanning a magnetic tip near a magnetic sample. Despite these fundamental and practical limitations, significant results can still be achieved on length scales appropriate for investigating micromagnetic structures after careful considerations concerning tip magnetization, tipsample separation, and scanning orientation. Our procedures follow closely those described by Proksch et al. [1994] and Foss et al. [1996] .
Magnetic force gradient images were obtained with a Nanoscope III Multimode TM scanning probe microscope. The microscope was operated in the "tapping/lift" scanning mode, which combines constant interaction and constant height modes, to separate short-range topographic effects from long-range magnetic signals. The scanning probes were batch fabricated Si cantilevers with pyramidal tips coated with a magnetic CoCr film alloy. All MFM data shown in this paper were collected with the tip magnetized nearly perpendicular to the sample surface (i.e., z direction), making the MFM sensitive to the second derivative of the z component of the sample stray field. To exclude any influence of the MFM tip on the sample micromagnetic structure and to verify that any non-z components of the tip magnetization contributed negligibly to the MFM measurements, images were taken with various tipsample orientations and tip-sample separations (for details, see Foss et al. [1996] ). Under these experimental conditions we did not observe significant qualitative modifications of micromagnetic features or profile measurements during MFM scanning of the grains described in this work. All MFM images presented in this paper were obtained by detecting the amplitude of cantilever oscillation with a tip-sample separation of 50 nm. Tip oscillation amplitude was 20-30 nm, and the drive frequency of the cantilever was chosen to be above the resonance frequency of the cantilever near the point of maximum slope of the cantilever resonance curve.
Domain Structures in PSD Grains
We investigated domain structures in PSD grains in the 5 to 20 •tm size range containing just a few domains (<10). The domain structures within this size range observed with the MFM can be divided into the following three types depending pores by the walls helps to reduce the magnetostatic energy associated with the void (Figure lb) . Wall bending may be caused by a nonuniform distribution of microstresses [Xu and Merrill, 1992] .
The formation of edge closure domains predicted by 2-D micromagnetic models [Xu et al., 1994 ] would seem to be most favorable for the conditions seen in Figure 1 where the magnetization is nearly in plane and intersects fairly straight grain edges. However, an alternating pattern of white and black contrast along the left and right edges of the grain (Figure 1) indicates that the domain magnetization intersects the edges at a high angle producing poles along these surfaces. In contrast to model predictions, the walls extended to the edges of the grain without forming edge closure domains. This was a typical observation for PSD grains in the 5-20 •tm size range.
Interior Domain Structure Determined From Surface

Domain Configuration
It is usually difficult to reconstruct the body domain structure simply from domain patterns on a randomly oriented grain surface because the shape of the grain, crystallographic orientation of the surface and edges, and the direction of the domain magnetization are not always completely known. Fortunately, the grain shown in Figures 1 and 4 has a symmetric rhombic shape, which allows us to estimate the crystallographic orientation of its surface and the directions of the [111] easy axes relative to the surface. An analysis of the domain structure in this particular grain provides an opportunity to assess the relative importance of magnetocrystalline, magnetoelastic, and magnetostatic contributions to micromagnetic structures. Initially after polishing of the sample, domain walls in the grain were mainly parallel to the long diagonal of the rhombic shaped grain (Figure 1 ). However, after AF demagnetization, walls near the center of the grain changed their orientation in a step-like manner producing wall segments parallel to the short diagonal of the rhomb (Figure 4b ). This domain state persisted after further magnetic and thermal treatments of the sample including AF demagnetization, remanence after magnetization in high field, and low-temperature demagnetization, and the original "straight-wall" state was never recovered. This suggests that the "step-like wall" state is the energetically favorable domain state in this particular grain. However, because domain walls ordinarily bisect the directions of magnetization in adjacent domains to minimize magnetic charges on the wall surfaces, it is difficult to explain this feature if the domain magnetization is constrained to be exactly parallel to the surface of the grain unless the step walls represent transitions between "head-on" domains or the domain magnetization is so nonuniform that it can rotate abruptly by 90 ø around the steps. Both possibilities seem unlikely because "head-to-head" domain walls are highly charged, thus unfavorable, and the magnetization direction within the domains should be uniform (otherwise two domains and a new domain wall will form instead of one domain). A better explanation for the domain and domain wall features in this grain follows by considering the crystallographic orientation of the surface. Instead, we base our explanation of the observed domain structure on the assumption that the grain surface is a cross section of a cubic shaped grain (Figure 5b Using a simple charge stripe model for the two types of walls, the normal component of stray fields across the short segments of walls will produce a purely antisymmetric profile (Figure 6 ), whereas stray fields across the long segments of walls will produce an asymmetric profile combining both symmetric and antisymmetric components [Pokhil and Moskowitz, 1996] . Qualitatively, the model profiles reproduce the asymmetries observed in the MFM wall profiles (Figure 7b ).
We conclude from our analysis of the domain structure in Figure 4b that the remanent body domain structures in this particular grain result from a combined volume magnetostatic effect of all grain surfaces (the shape anisotropy of the grain) 180 ø domain walls have a step-like structure in the body of the grain because this produces a better mixing of magnetic charges on the side surfaces of the grain, where the magnetization intersects the surface at a high (35.5 ø) angle. Wall segments exhibited two orientations having the lowest wall energy densities. Long segments of walls which are parallel to the long diagonal of the rhomb have wall planes close to parallel to a (110) plane normal to the surface. In this type of wall, magnetization rotates 180 ø across the wall from one direction parallel to easy axis A (closest to the surface) to the opposite direction, passing through a direction parallel to another easy axis B, which is close to the surface normal. The energy density of such a wall will be reduced because the spins rotate through an easy axis, where anisotropy energy would approach a minimum value [Lilley, 1950] . However, the wall does not separate into two 90 ø walls because either magnetoelastic or surface magnetostatic energy is sufficient to prevent this breakup [Scheinfein et al., 1990 ]. In the short segments of the walls, which are parallel to the short diagonal of the rhomb, the wall plane is inclined to the surface and magnetization rotates (Figure 3a) . Closure domains formation and wall bending both serve to reduce magnetostatic energy along edges but at the expense of additional wall energy. It is curious that both mechanisms occur in this grain over a fairly short lateral distance. Alternatively, bending of the domain walls can also result from nonuniform stress [Xu and Merrill, 1992] . In this case, wall bending does not help to reduce magnetic charges on the grain edges but reflects the rapid local variation of the domain wall energy density resulting from nonuniform stresses.
The 
Domain wall structures in PSD Grains
In this section we describe the results of the MFM study of domain wall structures, consider what information about the magnetization within domains can be obtained from studying the structure of Walls, and evaluate how the wall structure and interactions between walls can influence the domain structure in small grains. We will consider domain walls in the grains in which magnetization within domains is nearly parallel to the grain surface.
Two types of data pertaining to the static structure of domain walls (DW) can be obtained with the MFM: (1) shape or geometry of walls and direction of magnetization within the wall (e.g., subdivided walls and Bloch lines) and (2) MFM response profiles across the walls which characterize the spin distributions within the wall (e.g., Bloch or N6el walls). Quantitative analysis of the MFM response profiles across walls is complicated. Nevertheless, simple profile symmetry arguments can be used to obtain qualitative information about the internal structure of walls. For example, if we assume the MFM tip has been magnetized in the z direction only, the MFM response profile of a pure Bloch wall would be symmetric, whereas a pure N6el wall would be antisymmetric. A hybrid 
Asymmetric Domain Walls
The MFM response profiles across most domain walls contain a predominate symmetric component superimposed with varying proportions of antisymmetric components resulting in wall profiles that are slightly asymmetric overall. We can change the value of the asymmetric components in the MFM wall profiles by varying the orientation of the MFM cantilever relative to domain walls, by increasing or decreasing the separation between the MFM tip and the surface of the grain, or by changing the direction of the tip magnetization. However, in each case, qualitatively the shape of the response profiles remained the same. This confirms that the asymmetries are not due to the effect of the MFM tip on wall structure, but it is intrinsic feature of spin structure in the domain walls that can be increased or decreased by the magnetic field from the MFM tip [Foss et al., 1996] . The fact that the main component of the profiles is symmetric suggests that the interior walls are Bloch type, in which the wall magnetization rotates in the plane of the wall. The full width at half maximum of the MFM response profiles across the walls averaged about 200 nm, which is slightly wider than the theoretical 180 ø Bloch wall width calculated for magnetite (100-150 nm) [ [Proksch et al., 1994 ], but in a large single crystal, the surface area of an interior wall is larger than in small grains. Thus if a wall makes an angle with the domain magnetization, which produces a certain charge density on the sides of the wall, the total volume charge on the wall will be much higher in a large crystal than that in a small grain. Hence the zigzag angles are larger in PSD grains in order to achieve the same volume magnetic charge on the wall sides to offset the wall surface charge. In addition, the amplitude of wall zig-zagging (0.5-1 pm) is comparable to the size of the grains (Figures 8a and 8b) , suggesting that the zigzag wall structure penetrates the entire grain. Hence the magnetostatic interactions within walls, which cause the wall zigzagging, also result in significant changes in body domain structure of the grains.
Bloch Line Nucleation and Translation
Changes in the remanent domain and domain wall structures were studied by imaging remanent magnetic states after exposing the grains to DC fields, AF fields, and lowtemperature (77 K) demagnetization. MFM images of various remanent magnetic states of a single grain (Figure 9 ) reveal that Bloch lines nucleated and pinned at different locations along a particular wall, resulting in several different magnetic states for the same wall. Further, the number of Bloch lines per wall appears to be independent of the domain state. This is the first experimental evidence suggesting that LEM states exist for walls, as well as for domains [Moon and Merrill, 1985] .
We also observed that Bloch lines could be nucleated in a wall during displacement of the wall after exposure to an external magnetic field (Figure 10 ). For instance, a pair of Bloch lines were nucleated in the domain wall marked as DW I during displacement of the wall in a 13 mT field (Figure 10) . Bloch lines probably nucleate where the wall crosses defects or scratches around which there is a nonuniform spin distribution (Figures 10a and 10b) . We also observed that after wall displacement, Bloch lines were displaced along the wall. Finally, we observed that there are some favorable locations for Bloch lines in a wall. However, displacement of Bloch lines along the wall during wall translation is not always a reversible process, and Bloch lines can be pinned at different wall locations. Thus wall displacement can change the wall structure and influence the domain structure not just by changing wall position, but also by changing the wall configuration (i.e., changing zigzag wall structure).
Magnetostatic Interactions between Domain Walls
The formation of remanent domain structures in PSD grains is influenced not only by interactions within walls but also by interactions between walls. In many grains in the 10-15 [tm size range, the direction of magnetization in adjacent walls alternates across the grain. In a typical MFM image, this is seen as an alternating contrast between adjacent domain walls (Figures 1  and 11) . If walls are subdivided, then adjacent segments in two adjacent walls can also have opposite magnetizations ( Figure  11) . Furthermore, the direction of magnetization within a domain and the neighboring domain walls are correlated. The direction of magnetization within the "in plane" domains can be determined by looking at the stray field configurations near the edges of the grain or above scratches and nonmagnetic Using the observed contrast near the grain edges and knowing the direction of magnetization in the MFM tip, the direction of magnetization within domains can be determined. If the direction of magnetization in a domain (Figure 1 ) is pointed to the right (left), the domain wall adjacent to the "top" domain is magnetized down (up), and the domain wall adjacent to the "bottom" domain is magnetized up (down). This correlation between magnetization directions in domains and domain walls remained after repeated AF demagnetization of the grain.
One possible explanation for these observations is that the magnetostatic interaction between two walls located at a distance 2-3 pm from each other is sufficiently strong to produce opposite magnetization in adjacent walls in order to decrease the magnetostatic energy of walls in much the same way as domains decrease magnetostatic energy. The correlation between domain magnetization and wall magnetization can be explained in the following way. In the saturated state, the direction of magnetization in a grain determines the direction of stray fields near the grain edges or near inhomogeneities or inclusions in the grain. When the first domain wall nucleates near some defects at the edges of the grain, the direction of magnetization in the wall will be set by the direction of the stray field near the defect, and coupling it with the direction of magnetization in the expanding domain. Magnetization directions in domain walls nucleated after the first wall will then alternate in polarity because of the magnetostatic interactions between the walls.
An alternative and more intriguing explanation of the data assumes that each grain has a unique rotation direction through the entire grain producing a "whole grain" chiraility. As seen in Figure 1 , all domain walls in the grain have the same chirality, which means that the direction of magnetization rotation across all walls is the same. Switching the magnetization direction in the walls by changing the magnetization within the domains means that walls still keep the same sense of rotation even after remagnetization of the grain (Figure 12 ). This observation suggests that each particular grain has a preferred sense of (Figure 14b ). This produces the contrast of edge spike domains in the MFM images (Figures 13 and 11) . Finally, edge spike domains in a 4 gm size grain were about 2 gm. This suggests that spike domain walls can occupy a sizeable volume of small grains, and therefore its structure should be taken into account in analyzing remanent domain structures and remanent moments of small grains.
Conclusions
Using magnetic force microscopy, we describe remanent domain structures in PSD grains of magnetite. Remanent body domain structures result from combined magnetostatic effects of all grain surfaces (shape anisotropy of the grain) and magnetocrystalline anisotropy. across grains presumably to decrease the magnetostatic energy between walls. However, wall polarity was also coupled with the direction of magnetization in the adjoining domains. Even after the domain magnetization is reversed, the same sense of wall chirality is maintained across a grain producing a unique whole grain chirality, such that grains can be classified as "lefthanded" or "right-handed." 7. N•el walls form in edge spike domains. The formation of N•el walls instead of Bloch walls in edge spike domains may be advantageous in order to minimize the magnetostatic energy produced by the additional volume charges on the walls due to the domain magnetization.
